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ABSTRACT
Lanka, Avinash. M.S.E.E, Department of Electrical Engineering, Wright State Uni-
versity, 2016. Electrical Characterization and Applications of Supercapacitors.
Supercapacitors have become reliable energy sources in a wide variety of applica-
tions such as automobiles, portable electronics, recreational sports equipment, med-
ical equipment, aerospace power supplies, etc. Typically, these are electrochemical
capacitors with high values of capacitance (tens or hundreds of farads) and possess
the characteristics of both traditional electrolytic capacitors and batteries. They are
also known as Ultra-capacitors or Electrical Double Layer Capacitors. They work on
the principle of electrical double layer for charge storage. Supercapacitor have a much
higher energy and power stored per unit volume over conventional capacitors. They
also exhibit longer shelf life and cycle life over lithium ion batteries. Supercapacitors
are widely used in applications, which require rapid charge and discharge cycles. In
the recent trends in the automotive industry, it has become an imperative tool in
boosting the battery performance in electric vehicles.
In view of the demand for alternative and greener energy resources, this thesis
aims to achieve the following objectives:
• To perform a rigorous literature survey on the current state-of-the-art technolo-
gies relevant to the supercapacitors and their applications.
• To study the classification, construction, device operation, and features of the
supercapacitors.
• To investigate the RC model of supercapacitors.
• To perform transient and frequency-domain analyzes for a 470 F and 1500 F
supercapacitors.
iii
• To propose two high-frequency models for a super capacitor namely:
1. Basic RLC model.
2. Accurate RLZ model.
• To determine the expressions for the total impedance of the two models.
• Validate the theoretically obtained results with SABER circuit simulations and
experiments using a Maxwell 2.7 V 350 F general application supercapacitor.
• To analyze and design buck-boost and boost pulse-width modulated dc-dc con-
verters supplied by supercapacitors and validate the theoretically predicted re-
sults using SABER circuit simulator.
iv
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1 Supercapacitors
1.1 Introduction
For many applications in today’s world, supercapacitors have become a great option
to be used as energy sources. These are typically electrochemical capacitors with
high values of capacitance (in tens or hundreds of farads) falling between the tradi-
tional electrolytic capacitors and batteries, but possessing characteristic properties
of both. Also known as Ultracapacitors, these work on the principle of electric dou-
ble layer for charge storage. Thus, also the name is Electrochemical Double Layer
Capacitors. With much higher energy and power stored per unit volume over conven-
tional electrolytic capacitors and greater shelf and cycle life over lithium-ion batter-
ies, supercapacitors are widely used in applications, which demand numerous rapid
charge/discharge cycles over applications, which require long-term delivery of energy.
In the recent trends in the automotive industry, it has become an imperative tool in
boosting the battery performance in electric vehicles.
1.2 History
The concept of electrochemical capacitor took a period of close to hundred and sev-
enty years, right from humble beginnings into becoming a technical reality and be
commercially available. Charge storage in the electrical double layer has been known
since the late 1800’s. This charge is stored at the interface formed between the elec-
trode and electrolyte. It was in 1957 that a scientist from General Electric named H.
I. Becker created a device which used the concept of the charge storage in the electri-
cal double layer (U.S. Patent-2, 800, 616). The model of the supercapacitor, which is
used in today’s time is credited to the inventions of Robert A. Rightmire (U.S. Patent-
3, 288, 641) and Donald L. Boos (U.S. Patent-3,536,963) of Standard Oil Company
of Ohio. These patents in conjunction with the hundreds of patents filed following
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the ones submitted by Robert and Donald, form the basis of the current electrochem-
ical capacitor. The supercapacitors were first commercially introduced in 1978 by
NEC. Initially used for providing backup power in clock chipsets and CMOS mem-
ories, they gradually found their application in power generation systems, wireless
systems, aircraft, and the automotive industry. There are three main classifications
of supercapacitors: Electrochemical Double Layer capacitors, Pseudo capacitors and
Hybrid Capacitors. Charge (which is proportional to the applied voltage) in pseudo
capacitors is stored as a result of chemical reaction at the electrodes unlike electro-
static charge storage as in the case of electrochemical double layer capacitors. The
electrodes in pseudo capacitors are made of metal oxide or a conductive polymer with
a high amount of pseudo capacitance. The electrodes of hybrid supercapacitors are
characteristically different, one with a very high electrostatic double layer capacitance
and the other with a very high electrochemical pseudo capacitance. [4]
Table 1.1 briefly shows the years during, which the electrochemical capacitors were
fabricated along with their make.
Table 1.1: History of supercapacitors
Year Manufacturer
1962 Standard Oil and Company of Ohio, USA
1975 NEC, Japan
1975 ECOND, Russia
1978 Panasonic, Japan
1988 ELIT, Russia
1989 ELNA, Japan
1991 Maxwell, USA
1993 ESMA, Russia
1994 Cap-XX, Australia
1995 Nippon Chemi-Con, Japan
1998 Nesscap, Korea
2
1.3 Electrical Double Layer
The electrochemical double layer capacitor or the EDLC works on the principle of
charge stored in the electric double layer. This layer typically forms at the interface of
an electrode and an electrolyte. At the interface, the surface charge forms as the first
layer on the surface of the electrode when it is immersed into the electrolyte. This
surface charge mainly comprises of ions which are adsorbed (ionic adsorption) onto
the surface of the electrode. This is mainly due to chemical interactions between the
partial charge on the surface of the electrode with the electrolyte, which universally
contains anions and cations. If the number of anions adsorbed onto the surface of the
electrode exceeds the number of cations adsorbed, this would result in a net negative
charge or vice versa. Due to the surface charge, the electrode develops an electric
potential, which tends to attract counter-ions or the ions of the opposite charge and
repel the ions of the similar charge.
The surface charge density here is given by the relation
σ =
q
A
, (1.1)
where q represents the electric charge on a given surface area A.
As the partial charge on the surface of the electrode increases, the number of ions
adsorbed onto its surface increases. This increases the potential developed by the
electrode. Thus the number of ions of the opposite charge, which are attracted by
this surface potential, increases. As a result, two different layers of opposite polarity
form at the interface of the electrode and the electrolyte. This interfacial region of the
surface charge and the ions of opposite charge attracted to this surface charge forms
the electric double layer. The double layer acts as a dielectric, the system thus acting
as a capacitor. The charge storage capacity may run into hundreds or thousands of
farads depending on the surface area available on the electrode. Thus the capacitor
operating on the principle of the electrical double layer is thus called an electrical
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double layer capacitor or a supercapacitor.
Figure 1.1: Electrical Double Layer Capacitor
Though it was Hermann Van Helmholtz to first observe the concept of the electric
double layer in 1879, it could not be applied to real time systems accurately [3].
The model predicted a constant capacitance of the electric double layer, which is
given by the relation
Chelmholtz =
ǫrǫo
dhelmholtz
, (1.2)
where dhelmholtz is the distance through which the counter-ions get arranged to neu-
tralize the surface charge. According to the above equation, the capacitance always
remains a constant entity and does not consider the parameters of electrolyte con-
centration and the surface potential.
Louis Georges Gouy and David Leonard Chapman (1912) were the first to discern
that the capacitance is not a constant entity, but depends on the applied electric
potential and the ionic concentration. They were also the first to give the approxi-
mation theory to electric double layer, which could be applied to a real-time system.
The Poisson-Boltzmann equation best describes the model proposed by Gouy and
Chapman and is given as
d2ψ
dx2
=
2Ziqρbulk
ǫoD
sinh
(
Ziqψ(x)
KT
)
, (1.3)
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where ρ(x) is the net total charge density at a distance x given by
ρ(x) = ρi+(x) − ρi−(x), (1.4)
where Ziq is the ionic (assuming Z is the valency) and Ziqψ(x) gives the potential
energy.
The region of electric double layer, which includes the surface charge on the elec-
trode and the counter-ions, which extend into the electrolyte should be electrically
neutral. This electro-neutrality is given by the relation
σ = −ǫoǫ
(
dψ
dx
)
x=0
, (1.5)
The thickness of the electrical double layer formed at the interface is given by
1.5K−1, where K−1 is the Debye-Huckel length and is given by the relation (for a
monovalent electrolyte)
K−1 =
(
ǫoǫrKT
2NAIe2
)0.5
, (1.6)
where NA is the Avagadro number, I is the ionic strength of the electrolyte, e is the
elementary charge, K is the boltzman constant, ǫo is the permittivity of free space
and ǫr is the dielectric constant. This is typically in the nanometer range and is very
much smaller than the other dimensions of the system.
1.4 Construction
Figure 1.2: Maxwell Supercapacitors
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A supercapacitor cell consists of two electrodes placed in an electrolyte, which
are separated by a separator (typically an ion-permeable membrane). The separator
here only allows the mobility of charged ions, but forbids the electronic conductance
(which can create anomalies) at the same time. The whole arrangement is then ap-
propriately rolled into a container, which is then impregnated with the electrolyte.
Depending on the power requirement of the application, the electrolyte can vary be-
tween aqueous or a solid-state type. The electrode in a supercapacitor consists of two
parts: metallic current collector and an active material. The metallic current collector
forms the highly conducting part of the electrode, while the active material provides
the large surface area for the charge storage. The active material is carefully selected
to provide maximum surface area and the electrode capacitance increases linearly
with the surface area. The electrode capacitance can reach as high as almost 250 F/g
depending on the active material selected. The capacitance of the supercapacitor
can be very high (in the hundreds or thousands of farads), which is mainly because
of the extremely high surface area offered by the electrodes and the small distance
between the opposite charges near the interface of the electrode and the electrolyte.
The working voltage of the complete arrangement is mainly dependent on parameters
like the environmental temperature, required current intensity and lifetime and the
decomposition potential of the electrolyte [17].
1.4.1 Electrode and active materials for electrode construction
The electrodes form the heart of the supercapacitor. The electrode capacitance shares
a direct proportionality with the surface area and the pore size distribution of the
electrode. In an EDLC, the charge storage mainly arises from the separation of the
electronic and ionic charges at the interface of the high surface area electrode and
the electrolyte. Thus in order to form a double layer with maximum number of the
electrolyte ions, appropriate materials are to be selected for the electrode which are
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electrochemically inert , offer exceptionally high surface area and be economical. The
material also has to be both chemically and electrically compatible with the electrolyte
when used. The electrode of a supercapacitor is made up of two different parts- the
highly conducting metallic current conductor and the active material which offers
high surface area. In order to obtain this system, high surface area active material
powders or fibers are used to create a paste. This paste is then applied onto a
metallic current collector using a conductive silver glue to form the electrode. This
arrangement can lead to a considerable contact resistance between the particles of the
powdered active material and the metallic current collector. This difficulty can be
overcome on the application of pressure to further compact the mass or by mixing the
powdered active material with powdered metal or metal fibers in order to increase the
electrical conductivity. Normally composite ruthenium oxide (RuO2) and activated
carbon along with natural copper sulphides are used in the electrode construction.
The surface area for the best carbon electrodes can go up to 3000 m2 per gram of
material.
The double layer capacitance formed at the interface of each electrode is given by
C =
ǫAe
4πt
, (1.7)
where Ae is the surface area of the electrode, ǫ is the dielectric constant of the electric
double layer region and t is the thickness of the electrical double layer.
The various materials commonly used in the construction of the electrodes are
discussed in detail.
• Carbon: Carbon is the most used active material in supercapacitors. They
possess a unique combination of electrical and chemical properties which at-
tract carbon as one of the best materials for electrode construction. Some of
these properties include high conductivity, high surface area, excellent corro-
sion resistance and temperature stability, controlled pore distribution,low mass
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density and cost. While using carbon aggregates for electrode construction,
commonly a polymeric binding agent is used both to establish and maintain
the electrode structure. Care is taken that the binding agent should only be
sparingly used to avoid the building of an insulating layer between the carbon
aggregates. Excessive usage of the binder might increase the electrode resis-
tance, thereby contributing to the ESR of the supercapacitor. Therefore an
important factor in determining the ESR of the ELDC is the adhesion of the
active material aggregates to the surface of the metallic current collector. In or-
der to improve this adhesion, the metal is often subjected to both physical and
chemical treatments. One way to improve this is the usage of etched or porous
metal collectors which tend to physically lock the active material (carbon) ag-
gregates. Porous carbon is commonly characterized by very high surface areas
which range from 500 m2g−1 to 3000 m2g−1. Another important contributor
to the resistance is the contact resistance which arises between the powdered
carbon aggregates. The main attributes which contribute to the particle con-
tact resistance between the carbon particles is the carbon particle size, shape
and the aggregation of the powdered carbon. To add to this, pressure which is
applied to compact the aggregate particles to form the electrode plays a key role
in contributing to the particle contact resistance for the active material. The
high surface areas which are offered by various carbonaceous materials (or any
other active materials) are usually measured using gas adsorption method. In
this process Brunauer-Emmett-Teller theory (BET theory) is used in estimating
the surface area from the adsorption data. The capacitance (measured in Fg−1)
offered by this porous activated carbon is proportional to the measured surface
area (measured in m2g−1). This clearly implies of the fact that more is the
surface area of the porous activated material, more is the capacitance offered
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by it.
The double layer capacitance (expressed as capacitance per unit BET area)
offered by various types of carbonaceous materials is as follows
Table 1.2: Double layer capacitance offered by various carbonaceous materials [10].
Type(Electrolyte) Double Layer capacitance(µF/cm2)
Activated carbon (10%NaCl) 19
Carbon Black (1M H2SO4) 8
Graphite Powder (10%NaCl) 35
Graphite Cloth (0.168N NaCl) 10.7
Glassy Carbon (0.9N NaF) 13
Carbon aerogel (4M KOH) 23
A brief discussion on various carbon forms and other materials used in the
process of electrode construction is presented below
• Carbon Blacks: These materials are characterized by carbon particles which
are nearly spherical in shape and in the size range of 1 nm to 1000 nm. These are
produced by the partial combustion or thermal decomposition of hydrocarbons.
They are highly conductive with conductivities in the range of 10 Ω−1cm−1 to
100 Ω−1cm−1, high porosity, small particle size and a chemically clean surface.
The surface area offered by carbon blacks ranges from less than 10 m2g−1 to 1500
m2g−1. The specific resistance offered by supercapacitor electrodes made by
carbon blacks is up to 250 Fg−1 which corresponds to double layer capacitance
in the range of 10 µFcm−2 to 16 µFcm−2.
• Carbon Aerosols: These are highly porous materials which are obtained by
the pyrolysis of organic aerosols. These are characterized by a sol-gel process
the conditions of which, control the properties of the carbon aerosols like pore
size, density and the form. Of all the carbon aerosols, the ones which are
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obtained by the pyrolysis of resorcinol-formaldehyde are recommended to be
used widely as they exhibit the highest porosity (mesopores in the range of 2
nm to 50 nm), high surface area (400 m2g−1 to 1000 m2g−1). These materials
exhibit uniform porosity (mesoporous surface) and extremely high density. The
aerosols with pore diameter in the range of 3 nm to 13 nm shows much stable
capacitive behavior over aerosols with other pore diameters. The surface area of
the aerosols can be increased by the process of thermal activation. Though this
process increases the area (from 650 m2g−1 to 2500 m2g−1), the capacitance
(which has a direct proportionality to the surface area) shows no significant
increase. The carbon aerosols are produced as powders, think films according
to the application of usage.
• Carbon Fibers: With surface areas offered up to 2500 m2g−1, carbon fibers are
commercially made from thermosetting materials (organic) like phenolic resins,
cellulose, polyacrylonitrile (PAN) and pitch (viscous elastic material composed
of aromatic-based materials) based materials. To provide better electric prop-
erties, the carbon fibers are preferred derived from pitch based materials than
from materials like polyacrylonitrile (PAN). The carbon fibers contain pores in
the range less than 2 nm (micropores). Due to the dimensions, most of the
pores are situated on the surface of the fiber, which provides an excellent ac-
cessibility to the active sites. The pore length and the pore diameter can be
controlled in an active carbon fiber. These features make active carbon fibers
an excellent option to be used for electrode construction. The contact resistance
between the fibers can be reduced on the application of pressure further com-
pacting the carbon fibers together (which is possible by placing the system in a
container). To improve the electrical contact with the metallic current collector
during electrode construction, the active carbon fiber cloth is coated with a thin
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layer of metal on one side (mostly by the process of plasma spraying). With
surface areas offered up to 2500 m2g−1, carbon fibers are commercially made
from thermosetting materials (organic) like phenolic resins, cellulose, polyacry-
lonitrile (PAN) and pitch (viscous elastic material composed of aromatic-based
materials) based materials. To provide better electric properties, the carbon
fibers are preferred derived from pitch based materials than from materials like
polyacrylonitrile (PAN). The carbon fibers contain pores in the range less than
2 nm (micropores). Due to the dimensions, most of the pores are situated on
the surface of the fiber, which provides an excellent accessibility to the active
sites. The pore length and the pore diameter can be controlled in an active
carbon fiber. These features make active carbon fibers an excellent option to be
used for electrode construction. The contact resistance between the fibers can
be reduced on the application of pressure further compacting the carbon fibers
together (which is possible by placing the system in a container). To improve
the electrical contact with the metallic current collector during electrode con-
struction, the active carbon fiber cloth is coated with a thin layer of metal on
one side (mostly by the process of plasma spraying).
• Glassy Carbons: Glassy carbons also called as polymeric carbons, are derived
from the thermal degradation of polymer resins, typically phenolic resins. The
glassy carbons have a very little surface area offered mainly because of isolated
closed pores (commonly 30% V/V). These isolated pores can be made accessible
using thermal activation or electrochemical oxidation process. The thermal
activation process has proven to open up and make more pores accessible as
compared to the electrochemical processes. The activation process on the glassy
carbons creates a thin film with open pores on the surface of the closed pore.
The thickness of this film developed on the surface of the carbon substrate can
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be controlled by careful diffusion of the oxidant onto the film. Glassy carbons
exhibit more tensile and compression strengths over graphite and has a very
lower value of resistivity (in the range of 0.3 Ωcm to 0.8 Ωcm). Because of this
reason, glassy carbons are mainly used in high power supercapacitors which
require very low internal resistance. For thermally oxidized glassy carbons,
the surface area exhibited can reach up to 1800 m2cm−3 with double layer
capacitances reaching up to 20 µFcm−2 [10].
• Carbon Nanotubes: Carbon nanotubes are attracted mainly because of their
excellent structural, electrical and mechanical properties. They are produced by
the catalytic decomposition of hydrocarbons. The morphology of these struc-
tures offers a unique combination of low electrical resistivity and high porosity
which gives a considerable interest in the application of carbon nanotubes as an
electrode material. Carbon nanotubes as electrode materials are mainly clas-
sified into two types- Single-walled carbon nanotubes and Multi-walled carbon
nanotubes in both aqueous and non-aqueous electrolytes. The single-walled
carbon nanotube can be envisioned as an atom thick graphene rolled in to an
infinitely long cylinder. Similarly a multi-walled carbon nanotube is one which
consists of multiple rolled layers of graphene. The specific capacitance which is
exhibited by the CNT’s is heavily dependent on the morphology and the purity
of the carbon nanotubes. The specific capacitance of this varies from 15 Fg−1 to
80 Fg−1 and the surface area offered varies from 120 m2g−1 to 400 m2g−1. The
pores are predominantly present on the outer surface of the tubes and range
from 2 nm to 50 nm (mesoporous) [11]. High capacitance for the carbon nan-
otubes can be achieved by the usage of CNT’s along with oxide or polymer or
both [12].
Since carbon base materials like graphene used for electrode construction are
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extremely costly, there is a growing demand to find materials which are charac-
teristically similar to graphene but are more economically feasible. According to
the researchers at the University of Alberta/ National Institute of Nanotechnol-
ogy and Alberta Innovates-Technology Futures, hemp (Cannabis Sativa) based
nanofibers which are characteristically similar to graphene were fabricated which
delivered promising results. This nanomaterial (used for electrode construction)
was proved to outperform graphene based supercapacitors by close to 200% and
the cost of fabricating this material was valued to stand at close to $500 per
ton. This material which offers a surface area of 2200 m2g−1 and an electrical
conductivity of 211 Sm−1 to 226 Sm−1 can change the face of the supercapacitor
industry.
• Ruthenium Oxide (RuO2): Ruthenium oxide has been widely used in many
applications because of its excellent electro-catalytic properties. It is pre-
pared from the thermal decomposition and the oxidation of pre-cursor materials
(RuCl3) in the temperature range of 300
◦C to 800◦C. RuO2 exhibits high capaci-
tance in the range of 150 µF/cm2 to 260 µF/cm2 with a high specific capacitance
(720 Fg−1). The resistivity of the material is in the order 1015 Ωcm. This value
is approximately two times of the order of the value of the carbon material but
the main disadvantage of this material is its higher cost over carbon. The best
way to increase the surface area of RuO2 is to maximize the micropores for easy
diffusion of ions in the electrolyte. The highest measured specific capacitance
for an RuO2 electrode is 320 Fg
−1 with a surface area of approximately 120
m2g−1. In addition to the above mentioned materials, copper sulphides such as
covellite (CuS) and chalcocite (Cu2S) have also been used as active materials
in the construction of supercapacitor electrodes [7].
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1.4.2 Electrolyte
The electrolytes used in supercapacitors are either aqueous, organic or solid state
according to the power applications they are used in. The main parameters on which
the electrolyte for a supercapacitor is selected is its stability, which is given by the
electrochemical stability window and also its ionic conductivity. For higher power per-
formance, acid or alkali based aqueous electrolytes are preferred over organic based
ones since they have higher ionic conductivities. In this case the charge storing capa-
bility becomes limited because of the lower electrochemical stability window of water.
To provider a wider electrochemical stability window, electrolytes consisting of salts
in organic solvents are used. The working potential of a supercapacitor is mainly de-
pendent on the decomposition potential/ voltage of the electrolyte, the environmental
temperature and the current intensity. Depending on the nature of the electrode used
in the supercapacitor and the ambient temperature, the decomposition of the elec-
trolyte varies. The energy density of organic electrolytes is close to four times more
than that of an aqueous electrolyte. As the electrolyte conductivity decreases, the
internal resistance increases thereby affecting the power density. To make sure that
the capacitor operates at the highest possible voltage, care has to be taken that the
electrolyte should offer highest conductivity and adequate electrochemical stability.
As the salt concentration increases in the electrolyte, its electrical conductivity also
increases up to a maximum level. Care has to be taken that the electrical conductiv-
ity offered by the electrolyte has to be high enough so that the internal resistance is
low.
1.4.3 Separator
To achieve exceptional performance of an electrical double layer capacitor, careful
selection of separator is very vital. To construct an ELDC with competitive features,
the following features essentially play a key role
14
1. High ionic conductance for the electrolyte
2. High ionic conductance for the separator
3. High electronic resistance for the separator
4. High surface area
5. High electronic conductance for the electrodes
6. Low thickness for both the electrode and the separator
The selection of the separators typically depends on the type of electrolyte (elec-
trolyte properties) used in the supercapacitors. It is very essential that the separator
should be stable for the working temperature range and be electrochemically inert.
The main function of a separator in an electrical double layer capacitor is to allow
the transferring of charged ions, but forbidding the electronic contact between the
two electrodes. Care should be taken that the selected separator has the most mini-
mal thickness and maximum porosity. Polymer (Polypropylene) or paper separators
are generally used when organic electrolytes are selected. Apart from this, various
other polymer membranes are also used as separators in supercapacitors. The current
state of the art is the use of cellulose separators in double layer capacitors based on
organic electrolytes. Though for aqueous based electrolytes glass fiber or ceramic sep-
arator are possible, cellulose based separators are more preferred over other material
separators because of its better wettability [4].
1.5 Applications
Supercapacitors do not support AC applications and are widely used in applications
which require higher power delivery and electrical storage. They have special advan-
tages in applications which require short power bursts of power in relatively shorter
time. Applications of such kind include applications which require delivery of con-
stant power or current for a short periods of time.
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Figure 1.3: Capacitor powered traction vehicle
Typically the voltage across a supercapacitor is exponentially decreasing with
time. The time for which the supercapacitor can deliver a constant current is given
by the relation
t =
C(Vintial − Vfinal)
I
, (1.8)
where C is the capacitance and the voltage of the capacitor is decreasing from an
initial value of Vinitial to a final value of Vfinal and I is the constant current which the
supercapacitor delivers.
Similarly the time for which the supercapacitor can deliver a constant power is
given by the relation
t =
1
2P
C(V 2initial − V 2final), (1.9)
where P the constant power which the supercapacitor delivers as the voltage is de-
creasing from an initial value of Vinitial to a final value of Vfinal. The current state
of the art has supercapacitor as an imperative tool in the automotive industry. The
typical applications of supercapacitor include
• General Applications: Supercapacitors are widely used in stabilizing the
power supply in applications with fluctuating loads which include laptops, GPS
and other similar hand held devices. In addition to these, supercapacitors are
also used in supplying power to the camera flashes in digital cameras, portable
speakers and in uninterrupted power supplies.
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• Aviation and Military Applications: Applications, which mainly require
short-time high currents find the usage of supercapacitors. The earliest usage
of supercapacitors found their usage in starting the motors (cold-start in tanks
and submarines). In addition to these they also their usage in radars, torpedoes
and military radios, which require high power density. In the airline industry
they are mainly used to power the actuators for emergency doors and also for
the evacuation slides.
• Automotive Industry: With the main intention of creating greener and more
fuel-efficient vehicles, the current state of the art has supercapacitor as an im-
perative tool in the automotive industry. These are mainly used in the regener-
ative braking system, suspension and voltage stabilization systems, start-stop
and charging systems within the automotive ecosystem thus boosting the bat-
tery performance [8]. To improve on reducing the weight and the fuel efficiency
and to serve internal power loads, supercapacitors are used in conjunction with
batteries to boost the vehicle performance. Lamborghini and Peugeot Citroen
are among the multinational automobile corporations, which use supercapaci-
tors in their car voltage stabilization systems. The main features of supercaps,
which make them an excellent option in this usage are as follows
1. They work on a wide range of temperature (typically ranges from −40◦C to
+70◦C.
2. With smaller packages and reduced weights, supercapacitors have consider-
able advantage over the large and heavy batteries.
3. The usage of supercapacitors calls for little or no maintenance due to the
millions of charge/discharge cycles it can handle.
4. With an efficiency of approximately 95%, supercaps truly stand out over the
batteries which have an average efficiency of approximately 70%.
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5. With higher power density over traditional batteries, supercapacitors give
out almost 10 times more power. Hence, they are used in conjunction with
batteries to give out short bursts of power required during vehicle acceleration
thus boosting the overall performance of the system.
6. Supercapacitors are more economical over batteries, which makes them an
excellent option for extensive usage.
In the recent trends in the automotive industry, traction vehicles called as capac-
itor vehicles (Capa-Vehicles) are being experimented, which use supercapacitors
for the storage of electricity. Capabus, which was experimented in china has
received critical acclamation because of its operation without using overhead
lines. It runs by using the energy stored in large on board ELDC’s.
1.6 Business Trends
The supercapacitors have recorded a sales raise worldwide of $400 million in 2010
to $2 billion in the year 2015. Ceska predicts the market to raise with a compound
annual growth rate of approximately 19.2% to reach a revenue of close to $5 billion
by the end of year 2020. Though the market for the supercapacitors is growing at a
steady rate, its market still remains at a small niche as compared to the market of the
batteries, which stands at $95 billion. The key players in the supercapacitor market
include AVX Corp., Axion Power International, Inc., Beijing HCC Energy Tech,
Co., Ltd., Maxwell Technologies, Skeleton Technologies, Nesscap Energy Inc., Nippon
Chemi-Con Corp., LS MTRON, Supreme Power Systems Co., Ltd., XG Sciences and
Panasonic Co Ltd.
In the years to come, supercapacitors are expected to be the future of energy stor-
age with a hopeful continuous improvement in their performance every year. With
wider range of useful electrode materials being used,Visiongain predicts a continuous
increase in the supercapacitor capacity per year as follows
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Figure 1.4: Supercapacitor capacity forecast
Because of their size, toughness and flexibility, supercapacitors have a lot to offer,
which makes them an excellent option for energy storage in a wide variety of appli-
cations.
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2 Modeling
The increasing costs of fossil fuels in conjunction with heightened concern over global
warming have put in an increasing demand for efficient, greener, and reliable sources
of energy. Though the batteries stand as the widely popular energy storage devices
because of their wide availability and low cost of construction, they fail to deliver
being environment friendly. Battery recycling and disposal can result in pollution
with chemicals like lead, cadmium, mercury, copper, and zinc, which are extremely
hazardous to both environment and human health. Supercapacitors, an increasingly
popular green energy source, thus make an excellent option for wider usage. With
more power density packed per unit volume than conventional batteries and more
energy density over electrolytic capacitors, they can be used in applications, which
require sudden bursts of energy in a very short period of time. It is thus very necessary
to understand their transient characteristics. This section includes the equivalent
model, which describes the terminal behavior of the supercapacitor. Also included
are typical transients simulated for a 470 F ELDC and a 1500 F ELDC.
2.1 Equivalent Circuit Model
The equivalent circuit for the supercapacitor helps us understand the terminal behav-
ior of the supercapacitor, which helps its usage in a wide range of power electronic
applications. The equivalent circuit has to be simple, and this enables the designer to
use this as an effective tool in practical terms. The circuit should be able to describe
the transient characteristics of the supercapacitor in a minimal time with utmost ac-
curacy and the parameters of the circuit should be practically possible to be obtained.
The equivalent circuit should also cater to three main aspects of supercapacitor:
1. Based on the construction of supercapacitor, the interface of the electrode and
20
the electrolyte is modeled as an RC circuit. The resistance here represents the resis-
tivity between the carbon particles in the electrode (considering an activated carbon
electrode). The capacitance represents the capacitance between the electrode and
the electrolyte. In order to accurately describe its nature, very large number of RC
circuits are required in the equivalent model and this is called a transmission line
model.
2. Due to the high number of RC circuits in the equivalent circuit, charge redistri-
bution takes place in the circuit. Based on the interfacial tension (force with which
the two surfaces are held together) in the double layer, the capacitance of this charge
distribution is dependent on the potential difference across the material. This rela-
tion between the capacitance and the terminal voltage is non-linear in nature. This
non-linear capacitance is modeled as a differential capacitor (parallel combination of a
constant capacitance and a voltage dependent capacitance) in the equivalent circuit.
To arrive at a much simpler equivalent model, the effect of non-linear capacitance is
considered only in the immediate branch neglecting it in the others.
3. The supercapacitor exhibits a certain level of self-discharge and is modeled by a
parallel leakage resistance. The higher the leakage resistance, faster is the rate of
discharge of the supercapacitor.
During the design of the equivalent circuit model, care should be taken that it is
designed with the minimal RC circuits. The number of RC circuits in the equivalent
model is dependent on the time span of the transient characteristics expected. This
means that higher the number of RC circuits, greater is the accuracy of the transient
response in time. It also helps in finding a consistent way of determining the circuit
parameters. Considering the above aspects, a supercapacitor can be modeled using
the following equivalent model shown in Fig. 2.1.
Fig.2.1 is a 3-branch model owing to the three RC branches it contains. Each branch
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Figure 2.1: Equivalent model of a supercapacitor [1], [16].
here in the model has a different time constant. This helps in maintaining the accu-
racy of the transient characteristics over the desired time range, which results in an
easily measurable model. The current three branch model gives an accurate transient
response for a time of 30 min. To plot the transient characteristics over a time greater
than 30 min [2], more number of RC branches may be included in the circuit. The
RC-branches in the equivalent model can be labeled as immediate branch (Ri,Co,C1),
delayed branch (Rd,Cd) and the long term branch (Rl,Cl) respectively. The time
constants for these three branches are increasing in order. The immediate branch
(which has the least time constant), plays the key role in determining the transient
response from a few moments of a second to a few seconds. The delayed branch, with
a time constant greater than the immediate branch determines the response from a
few seconds to a few minutes and the long term branch, from a few minutes to a few
hours. To make the circuit simpler for usage, the non-linear effect of the capacitance
is considered only in the immediate branch. This non-linear capacitance is modeled
as a voltage dependent differential capacitor (parallel combination of a non-linear
capacitance dependent on voltage and a constant capacitance).
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From the circuit, the value of the differential capacitor is given by
Cdifferential = Co + C1Vt, (2.1)
where Co represents the constant capacitance and C1 represents the non-linear capac-
itance, which is dependent on voltage Vt.
The total charge at any time in the capacitor during the fast transients resulting
from charging/discharging process at the terminals, gets unevenly distributed among
all the capacitors in the circuit. After a fast charge, the voltage across the differential
capacitance in the immediate branch remains at a higher level than the capacitors
in the delayed and the long term branches. This causes the charge to redistribute
itself to attain an equalization of charges. This charge re-distribution causes the
voltage across the terminals to drop, though there is no change in the total charge
contained in the system. Similarly after a fast discharge, only the charge across
the differential capacitor in the immediate branch is zero. As a result, the voltage
across the terminals tends to increase due to the charge re-distribution from the
capacitors in the delayed and the long term branches onto the differential capacitance
in the immediate branch. Any repeatable or comparable measurements on various
supercapacitors is possible only when the state of the internal charge distribution is
known. The transient response is accurate over a period of 30 min for the modeled
circuit [2]. But to determine the accurate response, we need to add more RC branches
with time constants running into hours and days. With such a model with higher
time constants, it becomes extremely difficult to determine the state of the internal
charge redistribution in the capacitor [15].
Considering the immediate branch, the differential capacitance can be defined as
Cdifferential =
dq
dV
, (2.2)
where dq is the change in the charge for the change in the voltage dV .
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Energy can be defined as
E =
∫
V · idt (2.3)
Current is the rate of change of charge. Thus, we can write
i =
dq
dt
(2.4)
idt = dq. (2.5)
We know that
idt = CdifferentialdV. (2.6)
Substituting Eq.(2.6) into Eq.(2.3),
E =
∫
V · CdifferentialdV, (2.7)
= Cdifferential
∫
V · dV, (2.8)
=
V 2
2
· (Co + C1.V ), (2.9)
E =
V 2
2
Co +
V 3
3
C1. (2.10)
Thus, trying to specify the supercapacitor by a single capacitance is always not true
as it does not give the true picture of the energy stored in it. We can also note that a
supercapacitor with some energy content at a specified voltage gives out more energy
for a decrease in the specified voltage than a constant capacitor with the same energy
content.
The resistance Ri, in the immediate branch is the ESR which contributes to the
energy loss during the charging and the discharging and Rleakage is the resistor which
simulates the self-discharge of the supercapacitor.
To plot the transient responses for a 470 F and 1500 F supercapacitors, the pa-
rameters given in Table 2.1 are used.
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Table 2.1: Parameters of Equivalent Circuit Model. [6]
Parameter 470 F DLC 1500 F DLC
Ri 2.5 mΩ 1.5 mΩ
Co 270 F 900 F
C1 190 F/V 600 F/V
Rd 0.9 Ω 0.4 Ω
Cd 100 F 200 F
Rl 5.2 Ω 3.2 Ω
Cl 220 F 330 F
Rleakage 9 kΩ 4 kΩ
2.2 Impedance of the Equivalent Circuit Model
The final impedance of the 3-branch model is given by the relation
Zfinal =
(
Rd +
1
sCd
)(
Rl +
1
sCl
)
(
R1 +
1
sCeq
)
Rleakage
(
Rd +
1
sCd
)(
Rl +
1
sCl
)
(
R1 +
1
sCeq
)
+RleakageA
, (2.11)
Figure 2.2: Equivalent circuit model of a supercapacitor [1].
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where A is given by
A =
(
Rd +
1
sCd
)(
Rl +
1
sCl
)
+
(
R1 +
1
sCeq
)
[
Rd +Rl +
1
s
(
1
Cd
+
1
Cl
)]
, (2.12)
Considering the final impedance to be connected to an AC source as shown in Fig
2.3.
Figure 2.3: Equivalent circuit final impedance.
The overall transfer function of the system is given by the relation
Vo(s)
Vi(s)
=
Zfinal(s)
Zfinal(s) +B
, (2.13)
Vo(s)
Vi(s)
=
Rleakage
(
1 +
1
sRdCd
)(
1 +
1
sRlCl
)
(
1 +
1
sR1Ceq
)
(
1 +
1
sRdCd
)(
1 +
1
sRlCl
)
(
1 +
1
sR1Ceq
)
+
RleakageB
RdRlR1
, (2.14)
The above transfer function is used in plotting the response of the supercapacitor.
Transients for the overall output voltage, voltage responses of the immediate, delayed
and the long-term branches and the bode plot of the final impedance of the equivalent
circuit are plotted. To show the voltage drop ideally from 1 V to 0 V, a unit negative
step input voltage is considered. The time constants for the immediate, delayed and
long-term branches are increasing in order and the voltage responses of these branches
clearly show the increasing rate at which the voltage drops from 1 V to 0 V. Using
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Table 2.1 for the DLC parameters, output voltage varies with time as shown in Fig
2.4 to Fig 2.10.
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Figure 2.4: Output voltage of a 470 F supercapacitor.
From Fig. 2.4, the output voltage reaches a zero saturation in approximately 7000
seconds. Fig. 2.5 shows the output voltage for the immediate branch.
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Figure 2.5: Voltage response of immediate branch- 470 F supercapacitor.
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The output voltage across the delayed branch varies with time with an increased
time constant over the immediate branch as shown in Fig. 2.6.
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Figure 2.6: Voltage response of Delayed branch- 470 F supercapacitor.
The output voltage across the long-term branch varies with time with an increased
time constant over the delayed branch as shown in Fig. 2.7.
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Figure 2.7: Voltage response of long-term branch- 470 F supercapacitor.
The above plots clearly show the varying time constants for the different branches.
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The bode plot of the final impedance for a 470 F supercapacitor is shown in Fig. 2.8.
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Figure 2.8: Bode plot for final impedance- 470 F supercapacitor.
With the effect of lead inductance, the bode plot changes significantly at higher fre-
quencies. The output voltage of a 1500 F supercapacitor is shown in Fig. 2.9.
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Figure 2.9: Output voltage- 1500 F supercapacitor.
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As against a 470 F supercapacitor, the voltage here takes close to 15000 seconds
to reach a zero saturation. The voltage responses of the immediate, delayed and the
long-term branches for a 1500 F is shown in Fig. 2.10.
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Figure 2.10: Branch wise voltage response- 1500 F supercapacitor.
2.3 Equations for charging and discharging
The 3-branch model plays a key role to help us understand the terminal behavior of
the supercapacitor. The equations derived from the 3-branch model, help us apply
the supercapacitor as an energy source for converter based application, which will be
discussed in the next chapter (where a supercapacitor powered buck-boost converter
is analyzed).
To simplify the process of arriving at the equations, only the immediate RC branch
in the 3-branch model is considered. The delayed and the long term branches in the
model are neglected, thus giving a simplified model. The accuracy of the transient
response obtained from this simplified equivalent circuit will be lesser over the 3-
branch model due to lesser number of RC branches. The simplified equivalent circuit
is shown in Fig. 2.11.
30
Figure 2.11: Reduced equivalent model of supercapacitor.
From the Fig. 2.11, the terminal voltage of the supercapacitor is the combination of
the voltage across the resistor and the differential capacitor (non-linear capacitance).
vt(t) = vESR(t) + vc(t), (2.15)
where vESR is the voltage across the series resistance and vc is the voltage across
the differential capacitor. Considering a small line resistance in the circuit, we apply
Kirchoff’s voltage law to the circuit
vt = i(Rline +Resr) +
1
Ctotal
∫
idt. (2.16)
We know
i =
dq
dt
. (2.17)
Substituting Eq. (2.17) into Eq. (2.16),
vt =
dq
dt
(Rline +RESR) +
q
Ctotal
, (2.18)
For the supercapacitor, the charge is
q = Ctotal · vc. (2.19)
Substituting the Eq. (2.19) into Eq. (2.18) terminal voltage becomes,
vt = (Rline +RESR)Ctotal
dvc
dt
+ vc. (2.20)
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For a supercapacitor, efficiency and discharge time are related by the relation [5],
η = e
−
2RESRCtotal
tdischarge . (2.21)
The terminal voltage across the supercapacitor is given by the relation
vo = vt = vc + vESR, (2.22)
Figure 2.12: Discharging a supercapacitor
During discharging the capacitor, the voltage at time t = 0 is the output voltage.
In practical terms, the voltage across the resistance is very small as compared to the
voltage across the capacitance. Therefore, the terminal voltage changing with time
is approximately equal to the voltage across the capacitance which is given by the
relation [6],
vt = vc = voe
−
t
RtotalCtotal , (2.23)
Using the above equation, the voltage responses across the immediate, delayed and
the long-term branches for a 470 F supercapacitor are shown in Fig. 2.13 [2].
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Figure 2.13: Branch-wise voltage responses of 470 F Supercapacitor.
The equivalent circuit model describes the transient characteristics of the superca-
pacitor only for a limited time range. The internal charge re-distribution in an actual
supercapacitor takes a very long time to stabilize. This is modeled by a transmis-
sion line model which contains n-RC branches with increasing time constants. The
transmission line model is shown in Fig. 2.14.
Figure 2.14: Transmission line model [2].
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2.4 Saber Model
Saber (version-4.0, release-2012.12.0.0) is an efficient tool to simulate supercapacitor
transients. With the part “Ultracapacitor, Supercapacitor”, saber uses the following
equivalent RC model for a supercapacitor shown in Fig. 2.15.
Figure 2.15: Saber RC-model for a supercapacitor.
where Co and Cv form the differential capacitor (with Co being a constant ca-
pacitance and Cv being the voltage dependent non-linear capacitance), Cd and Rd
form the delayed branch and Rleak simulates the self discharge of the supercapacitor.
This model is made simpler by neglecting the long-term branch from the equivalent
circuit model. Thus the voltage response of the part in saber is accurate for a lesser
time period than of the voltage response given by the Eq. (2.14). This is because of
neglecting the long term branch in the Saber model.
As the number of RC branches in the model increases, the time period for which it
gives an accurate transient response correspondingly increases. Saber offers flexibility
on the changing the response of the supercapacitor part by altering a fixed set of pa-
rameters. Table 2.2 shows the parameters used to describe the saber supercapacitor
model.
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Table 2.2: Parameters of Equivalent Circuit Model [6].
S. No Parameter
1 cell cnt
2 cap
3 esr
4 ileak
5 vnom
6 kc
7 tau
8 vm
9 dv/dt
10 ic
11 cell temp
Saber also offers the flexibility of choosing a desired temperature to notice the change
in the transient response. Though it offers a wide range of parameters to design a
supercapacitor according to the need of the application, it takes an extremely long
time to simulate high frequency circuits involving a supercapacitor (seeing a transient
response for a higher time scale may not be practically possible).
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3 Open-Loop Supercapacitor-Powered Buck-Boost
Converter
The circuits which convert a DC voltage from one level to a different level are called
DC-DC converters. Depending on the application they are used in, the output voltage
level can either be greater than or less than the initial voltage level. These are mainly
classified into inductor based buck, boost or buck-boost types.
The supercapacitor discharge voltage varies exponentially with time and its dis-
charge time normally ranges from a few tens to thousands of seconds depending on
the capacitance of the supercapacitor used. A buck-boost converter is a type of DC-
DC converter which has the output voltage which is either greater or less than the
input. The change in parameter characteristics, when a supercapacitor is used to
power a buck-boost convertor instead of a DC source forms the basis of this chap-
ter.The equivalent model for a supercapacitor is as shown in Fig. 3.1.
Figure 3.1: Equivalent model of a supercapacitor [1].
The RC branches in the above circuit are labeled as the immediate, delayed and long
term branches, depending on the time constant for each branch. Table 3.1 is used for
the parameters of the equivalent model of the supercapacitor.
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Table 3.1: Parameters of equivalent model [6]
Parameter 470 F DLC 1500 F DLC
Ri 2.5 mΩ 1.5 mΩ
Co 270 F 900 F
C1 190 F/V 600 F/V
Rd 0.9 Ω 0.4 Ω
Cd 100 F 200 F
Rl 5.2 Ω 3.2 Ω
Cl 220 F 330 F
Rleakage 9 kΩ 4 kΩ
The equation for the terminal voltage of a supercapacitor during discharge is given
by the relation
vt = voe
−
t
RtotalCtotal , (3.1)
where Rtotal and Ctotal represent the total resistance and capacitance of the respective
branch considered (immediate, delayed and long-term branches). Though ‘Saber’
offers a wider range of parameters to design a supercapacitor according to the need
of the application, it takes an extremely long time to simulate high-frequency circuits
involving supercapacitors. Saber thus gives only the immediate characteristics as
against the delayed and long-term characteristics.
3.1 Buck-Boost Design
Since simulating high-frequency circuits on saber only gives out immediate charac-
teristics, we use the Rtotal and Ctotal of immediate branch in the equation for the
terminal voltage of the supercapacitor. Assuming a 470 F supercapacitor which is
pre-charged to 28 V, the equation governing the discharge of the terminal voltage of
the supercapacitor is given by the relation
vt = 28e
−
t
10 × 2.5 × 10−3 × 460 = 28e
−
t
11500 × 10−3 . (3.2)
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Figure 3.2: Buck-Boost converter powered by a supercapacitor.
Following the design example for a buck-boost converter for CCM in ”Pulse width
modulated DC-DC power converters” by Dr. Marian Kazimierczuk [5]. When the
supercapacitor whose terminal voltage is given by Eq. (3.2) is used to power a buck-
boost converter to generate an output voltage of 12 V, it becomes the input to the
converter and is given by Eq. (3.3).
VI = vt = 28e
−
t
10 × 2.5 × 10−3 × 460 = 28e
−
t
11500 × 10−3 . (3.3)
Assuming IOmax=1 A and IOmin=10 A, the maximum output power is given by
POmax = VO × IOmax, (3.4)
POmax = 12 × 10 = 120 W. (3.5)
The minimum output power is given by
POmin = VO × IOmin, (3.6)
POmin = 12 × 1 = 12 W. (3.7)
38
The minimum load resistance is given by
RLmin =
VO
IOmax
=
12
10
= 1.2 Ω. (3.8)
The maximum load resistance is given by
RLmax =
VO
IOmin
=
12
1
= 12 Ω. (3.9)
The voltage transfer function of the converter
MV DC =
VO
VI
=
12
28 × e
−
t
10 × 2.5 × 10−3 × 460
= 0.428 × e
t
10 × 2.5 × 10−3 × 460 ,
(3.10)
MV DC = 0.428e
t
11500 × 10−3 (3.11)
Assuming a converter efficiency of η = 85% and duty cycle is given by the relation
D =
MV DC
MV DC + η
=
0.428 × e
t
10 × 2.5 × 10−3 × 460
0.428 × e
t
10 × 2.5 × 10−3 × 460 + 0.85
, (3.12)
D =
0.428e
t
11500 × 10−3
0.428e
t
11500 × 10−3 + 0.85
. (3.13)
The time constant of the supercapacitor is very high compared to the time constants
of the buck-boost converter. Hence the supercapacitor is considered as a constant
voltage source. Hence only the constant terms are considered of the voltage transfer
function MV DC and the duty cycle D during the calculation of the values for induc-
tance and capacitance. The values of MV DC and D, thus arrive at 0.428 and 0.37
respectively. Assuming a switching frequency of 1 kHz, the minimum value of the
inductance required for the buck boost converter is given by
Lmin =
RLmax(1 −D)2
2fs
=
12 × (1 − 0.33)2
2 × 102 = 5.38 mH. (3.14)
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Assuming L=10 mH and Vr/Vo < 1%, the peak-peak value of ac component of the
inductor current is given by the relation
∆iLmin =
VO × (1 −Dmax)
fsL
=
12 × (1 − 0.33)
1 kHz × 10 mH = 0.804 A. (3.15)
The maximum dc input current is given by
II max = MV DCIOmax = 0.428 × 10 A = 4.28 A. (3.16)
The current and voltage stresses are given by
ISMmax = IDMmax = II max + IOmax +
∆iLmin
2
, (3.17)
= 4.28 A + 10 A +
0.804
2
A = 14.682 A. (3.18)
Assuming the peak-peak ripple voltage across the ESR, Vrcpp=100 mV, the maximum
value of ESR of the filter capacitor is given by
rCmax =
Vrcpp
IDMmax
=
100 × 10−3
14.862
= 6.811 mΩ. (3.19)
The ripple across the filter capacitor is given by
Vcpp = Vr − Vrcpp = 120 mV − 100 mV = 20 mV. (3.20)
The minimum value of the filter capacitance is given by
Cmin =
DmaxVO
fsRLminVcpp
=
0.33 × 12
1 kHz × 1.2 × 20 mV = 165 mF. (3.21)
Assume the value of the capacitance C = 200 mF.
3.2 Power Losses
The switching loss of the MOSFET is given by the relation
Psw = fs × CO × V 2SM , (3.22)
Psw = fs × CO × (VI + VO)2. (3.23)
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Assuming a switching frequency of 1 kHz and an output capacitance of 200 mF
Psw = 200 × 103 × (28 × e
−
t
11500 × 10−3 + 12)2. (3.24)
The switch rms current is given by the relation
ISrms = IOmax
√
D
1 −D, (3.25)
Assuming IOmax=10 A, the switch rms current is given by the relation
ISrms = 10
√
D
1 −D. (3.26)
The MOSFET conduction loss is given by the relation
PrDS = rDS × IS2rms, (3.27)
Assuming the value of rDS=0.11 Ω, the MOSFET conduction loss becomes
PrDS = 0.11 × IS2rms. (3.28)
With IOmax= 10 A, the value of the inductor current is given by the relation
ILrms =
IOmax
1 −D =
10
1 −D. (3.29)
The power loss in the inductor is given by
PrL = rL × IL2rms, (3.30)
Assuming the value of rL= 50 mΩ
PrL = 0.05 × IL2rms. (3.31)
The RMS diode current is given by the relation
IDrms =
IOmax√
1 −Dmax
=
10√
1 −D. (3.32)
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Assuming RF = 20 mΩ, the power loss due to RF is given by the relation
PRF = RF × ID2rms = 0.02 × ID2rms. (3.33)
Assuming IOmax= 10 A and VF = 0.7 V, the power loss due to VF is given by the
relation
PV F = VF × IOmax = 0.7 × 10 = 7W. (3.34)
The diode conduction loss is thus given by
PD = PV F + PRF = 7 + PRF . (3.35)
With IOmax= 10 A, the rms current of the filter capacitance is given by the relation
ICrms = IOmax
√
D√
1 −D = 10
√
D√
1 −D. (3.36)
Assuming rc=6 mΩ, the power loss in the ESR of the filter capacitor is given by the
relation
PrC = rC ∗ IC2rms = 0.006 × IC2rms. (3.37)
The total power loss then becomes
PT otal = PLS = PrDS + Psw + PD + PrL + PrC . (3.38)
The overall efficiency of the converter is given by
η =
Po
Po + PLS
. (3.39)
The parameters in the design equations for power losses contain exponential terms
due to the equation for the input voltage of the supercapacitor. The power losses,
thus increase with the decreasing input voltage causing the efficiency to fall.
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3.3 Results
• Input voltage/ Supercapacitor voltage of the buck-boost with time:
Figure 3.3: Supercapacitor output voltage/ input voltage to the buck-boost converter
for CCM.
A 470 F supercapacitor is used as an input to a buck-boost converter for contin-
uous conduction mode operation. Since the time constant for the supercapacitor
is much greater than the time constant for the buck-boost converter, we use the
supercapacitor as an input to the buck-boost converter. The above plot shows
voltage characteristics of the immediate branch with the change in voltage from
a pre-charged 28 V to 0 V in close to 50 s in an exponentially decreasing curve.
As the resistance and the capacitance parameters are changed in accordance
with the delayed branch, the amount of time it takes to reach the zero satura-
tion increases. Similar is the case for the long-term branch.
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• Change of duty cycle with load resistance:
Figure 3.4: Duty Cycle of supercapacitor powered buck-boost converter with changing
load resistance for CCM.
The above plot shows the linear variation of the duty cycle of the converter with
the change in load resistance. The duty cycle varies linearly (linear increase)
from 0.3 to over 0.9 with the load resistance changing from 1 Ω to 12 Ω ohm.
As the output voltage of the supercapacitor/ input voltage to the buck-boost
converter is exponentially decreasing with time, the voltage transfer function
continuously increases with time. Thus, this causes the duty cycle to drop with
time.
• Change of duty cycle with input voltage:
When a supercapacitor is used to power a buck-boost converter, there is a an
exponential variation of the duty cycle of the converter with the change in
the input voltage. As we change the input of the buck-boost converter to a
higher capacitance supercapacitor, this exponential plot changes similarly with
a higher time constant.The duty cycle varies exponentially from 0.3 to 0.9 with
the input voltage changing from 0 V to 28 V as in the following plot.
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Figure 3.5: Duty cycle of the supercapacitor powered buck-boost converter with
varying input voltage for CCM.
• Change of duty cycle with output Current:
Figure 3.6: Duty cycle of the supercapacitor powered buck-boost converter with
varying output current.
The above plot shows a linear increase of the duty cycle of the converter with
the change in output current. The duty cycle linearly increases from 0.3 to over
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0.9 with a change in the output current from 1 A to 10 A.
• Change of efficiency with output Current:
Figure 3.7: Efficiency of the supercapacitor powered buck-boost with change in the
output current for CCM.
The above plot shows the decrease in efficiency with an increase in the output
current. The efficiency falls from near 80% to less than 10% with an increase
in the output current from 1 A to 10 A.
• Change of efficiency with load resistance:
When a buck-boost converter is powered using a supercapacitor, there is a
decrease in efficiency with an increase in the load resistance. When a 470 F su-
percapacitor is used to power a buck-boost converter, this efficiency falls from
near 80% to less than 10% with an increase of the value of the load resistance
from a minimum of 1 Ω to a maximum of 12 Ω. This plot of change in efficiency
with load resistance of the converter shown below, closely follows the plot for
the change in the efficiency with the output current.
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Figure 3.8: Efficiency of the supercapacitor powered buck-boost with change in the
load for CCM.
• Change of efficiency with input voltage:
Figure 3.9: Efficiency of the supercapacitor powered buck-boost converter with change
in the input voltage for CCM operation.
When a buck-boost converter is powered using a supercapacitor, there is a
decrease in efficiency with a decrease in the input voltage. When 28 V 470
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F supercapacitor is used as an input to the buck-boost converter, its voltage
decreases from a pre-charged value of 28 V to 0 V in 50 seconds (due to self-
discharge of the supercapacitor). As a result, the efficiency reduces from 80%
to 0 in the corresponding time in which the voltage reaches 0 V (50 seconds).
• Change of voltage transfer function with input voltage:
Figure 3.10: Voltage transfer function of the supercapacitor powered buck-boost con-
verter with change in the input voltage for CCM operation.
The above plot shows the exponential increase in the voltage transfer function
with a decrease in the input voltage. As the input voltage changes from a pre-
charged value of 28 V to 0 V, the voltage transfer function increases from under
0.45 to 0.9.
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4 Open-Loop Supercapacitor-Powered Boost Con-
verter
The circuits which convert a DC voltage from one level to a different level are called
DC-DC convertors. Depending on the application they are used in, the output voltage
level can either be greater than or less than the initial voltage level. These are mainly
classified into inductor based buck, boost or buck-boost types.
The supercapacitor discharge voltage varies exponentially with time and its dis-
charge time normally ranges from a few tens to thousands of seconds depending on
the capacitance of the supercapacitor used. A boost converter is a type of DC-DC
converter which has the output voltage which is greater than the input. The change
in parameter characteristics, when a supercapacitor is used to power a boost conver-
tor instead of a DC source forms the basis of this chapter.The equivalent model for a
supercapacitor is as follows:
Figure 4.1: Equivalent model of a supercapacitor [1].
The RC branches in the above model are labeled as the immediate, delayed and the
long term branches depending on the time constant for each branch. Table 3.1 is used
for the parameters of the equivalent model of the supercapacitor.
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Table 4.1: Parameters of Equivalent Model [6].
Parameter 470 F DLC 1500 F DLC
Ri 2.5 mΩ 1.5 mΩ
Co 270 F 900 F
C1 190 F/V 600 F/V
Rd 0.9 Ω 0.4 Ω
Cd 100 F 200 F
Rl 5.2 Ω 3.2 Ω
Cl 220 F 330 F
Rleakage 9 kΩ 4 kΩ
The equation for the terminal voltage of a supercapacitor during discharge is given
by the relation
vt = voe
−
t
RtotalCtotal . (4.1)
where Rtotal and Ctotal represent the total resistance and capacitance of the respective
branch considered (immediate, delayed and long-term branches). Though ‘Saber’
offers a wider range of parameters to design a supercapacitor according to the need
of the application, it takes an extremely long time to simulate high frequency circuits
involving supercapacitors. Saber thus gives out only the immediate characteristics as
against the delayed and long-term characteristics.
4.1 Boost Design
Since simulating high frequency circuits on saber only gives out immediate charac-
teristics, we use the Rtotal and Ctotal of immediate branch in the equation for the
terminal voltage of the supercapacitor. Assuming a 470 F supercapacitor which is
pre-charged to 28 V, the equation governing the discharge of the terminal voltage of
the supercapacitor is given by the relation
vt = 28e
−
t
10 × 2.5 × 10−3 × 460 = 28e
−
t
11500 × 10−3 . (4.2)
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Figure 4.2: Boost converter powered by a supercapacitor.
Following the design example for a boost converter for CCM in ”Pulse width modu-
lated DC-DC power converters” by Dr. Marian Kazimierczuk. When the supercapac-
itor whose terminal voltage is given by Eq. (4.2) is used to power a boost converter
to generate an output voltage of 60 V, it becomes the input to the converter and is
given by Eq. (4.3).
VI = vt = 28e
−
t
10 × 2.5 × 10−3 × 460 = 28e
−
t
11500 × 10−3 . (4.3)
Assuming IOmax=0.225 A and IOmin=5% of IOmax=0.225/20= 11.25 mA, The maxi-
mum output power is given by
POmax = VO × IOmax = 60 × 0.01125 = 13.5 W. (4.4)
The minimum output power is given by
POmin = VO × IOmin = 60 × 0.01125 = 0.675 W. (4.5)
The minimum load resistance is given by
RLmin =
VO
IOmax
=
60
0.225
= 266.66 Ω. (4.6)
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The maximum load resistance is given by
RLmax =
VO
IOmin
=
60
0.01125
= 5.33 kΩ. (4.7)
The voltage transfer function of the converter
MV DC =
VO
VI
=
60
28 × e
−
t
10 × 2.5 × 10−3 × 460
= 2.14 × e
t
10 × 2.5 × 10−3 × 460 .
(4.8)
Assuming a converter efficiency of η=90 %, the duty cycle is given by the relation
D = 1 − η
MV DC
= 1 − 0.9
2.14 × e
−
t
10 × 2.5 × 10−3 × 460
, (4.9)
D = 1 − 0.9
2.14 × e
−
t
11500 × 10−3
. (4.10)
The time constant of the supercapacitor is very high as compared to the time constants
of the boost converter. Hence the supercapacitor is considered a constant voltage
source. Hence only the constant terms are considered of the voltage transfer function
MV DC and the duty cycle D during the calculation of the values for inductance and
capacitance. The values of MV DC and D thus arrive at 2.14 and 0.58 respectively.
Assuming a switching frequency of 1 kHz, the minimum value of the inductance for
the converter is given by
Lmin =
RLmax × (1 −D)2
2 × fs
=
5.33 × 103 × (1 − 0.58)2
2 × 103 = 272.66 mH, (4.11)
Assume L=300 mH and assuming Vr/Vo<1%,
Vr = 0.01 × VO = 0.01 × 60 = 0.6 V. (4.12)
The ripple across the filter capacitor is given by
Vcpp = Vrcpp =
Vr
2
= 0.3 V. (4.13)
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The minimum value of the filter capacitance is given by the relation,
Cmin = D ∗
VO
fs ×RLmin × Vcpp
, (4.14)
Cmin = 0.58 ×
60
1 × 103 × 266.66 × 0.3 = 435.05 µF. (4.15)
Assume C=500 µF.
4.2 Power Losses
The RMS value of the inductor current is given by
ILrms = II max =
IOmax
1 −D. (4.16)
Assuming the inductor internal resistance rL=2.1 Ω, the inductor power losses are
given by the relation
PrL = rL × IL2rms = 2.1 × IL2rms. (4.17)
The rms value of the switch current is given by
ISrms =
√
D × IOmax
1 −D . (4.18)
Assuming rDS = 1 Ω, the MOSFET conduction loss is given by the relation
PrDS = rDS × IS2rms = 1 × IS2rms = IS2rms. (4.19)
Assuming an output capacitance of the MOSFET to be CO=100 pF, the MOSFET
switching loss is given by the relation
Psw = fs × CO × V 2O. (4.20)
The total power loss in the MOSFET is given by
PF ET = PrDS +
Psw
2
. (4.21)
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Assuming VF =0.7 V, the diode power loss is given by the relation
PVF = VF × IOmax = 0.7 × IOmax. (4.22)
The diode rms current is given by the relation
IDrms =
IOmax√
1 −D. (4.23)
Assuming RF =0.0171 Ω, the power loss due to diode forward resistance RF is given
by the relation
PRF = RF × ID2rms = 0.0171 × ID2rms, (4.24)
So, the total diode conduction loss is given by the relation
PD = PVF + PRF . (4.25)
The capacitor rms current is given by the relation
ICrms = IOmax ×
√
D
1 −D. (4.26)
Assuming the ESR of the filter capacitor rC=1 Ω, the power loss in the capacitor is
given by the relation
PrC = rC × IC2rms = 1 × IC2rms. (4.27)
The total power loss will be the addition of all of these losses
PLS = PrDS + Psw + PD + PrL. (4.28)
The efficiency of the converter is given by the relation
η =
PO
PO + PLS
. (4.29)
The exponentially varying input voltage causes the duty cycle and the voltage transfer
function to vary exponentially. Consequently all the parameters involving these vary
exponentially with time. The power losses are used to model the change of efficiency
with time.
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4.3 Results
• Change of duty cycle with input voltage:
Figure 4.3: Duty cycle of the supercapacitor powered boost converter with varying
input voltage for CCM.
The above plot shows the linear variation of the duty cycle of the converter with
the change in the input voltage. The duty cycle increases linearly from 0.58 to
0.9 with the input voltage changing from 28 V to 0 V.
• Change of efficiency with output current:
The following plot shows the decrease in efficiency with an increase in the output
current. The efficiency falls from near 90% to less than 10% with an increase
in the output current from 0 A to 0.25 A.
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Figure 4.4: Efficiency of the supercapacitor powered boost with change in the output
current for CCM.
• Change of efficiency with input voltage:
Figure 4.5: Efficiency of the supercapacitor powered boost converter with change in
the input voltage for CCM operation .
When a buck converter is powered using a supercapacitor, there is a decrease in
efficiency with a decrease in the input voltage. When 28 V 470 F supercapacitor
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is used as an input to a boost converter, its voltage decreases from a pre-charged
value of 28 V to 0 V in 50 seconds (due to self-discharge of the supercapacitor).
As a result, the efficiency reduces from close to 90% to 0 in the corresponding
time in which the voltage reaches 0 V (50 seconds).
• Change of input voltage with time:
Figure 4.6: Supercapacitor output voltage/ Input voltage to the boost converter for
CCM.
A 470 F supercapacitor is used as an input to a boost converter for continuous
conduction mode operation. Since the time constant for the supercapacitor
is much greater than the time constant for the boost converter, we use the
supercapacitor as an input to the boost converter. The above plot shows voltage
characteristics of the immediate branch with the change in voltage from a pre-
charged 28V to 0V in close to 50 seconds in an exponential decreasing curve.
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5 High-Frequency Model of Supercapacitors
An ideal capacitor only stores and releases electrical energy. But in reality, all capac-
itors have imperfections. The RLC model for a capacitor is as shown in Fig. 5.1.
  
Figure 5.1: RLC model of a capacitor.
The model consists of the capacitor, its series equivalent resistance and its induc-
tance. The equivalent series resistance adds a real part to the impedance while the
inductance adds an imaginary component to the impedance of an ideal capacitor.
The total impedance of the model is given by the relation
Z =
sRC + 1 + s2LC
sC
. (5.1)
The voltage gain of the model is given by the relation
AV =
VO
VI
=
sRC
sRC + s2LC + 1
. (5.2)
Assuming ’C’ in the model to be a 350 F 2.7 V supercapacitor (which we use in the
experiments). The measured values of resistance and inductance for the C = 350 F
capacitor are L = 0.09 µF and R = 0.16 Ω respectively. The bode plot of the voltage
gain for the equivalent model is plotted as shown in Fig. 5.2.
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Figure 5.2: Bode plot of voltage gain of RLC capacitor model.
Due to bandwidth constraints in the lab equipment, we add an external series ca-
pacitor Cext to push the resonant frequency beyond 100 Hz. The equivalent circuit of
this arrangement is as shown in Fig. 5.3.
  
Figure 5.3: Improved RLC capacitor model.
The total impedance of this arrangement is given by the relation
Zc =
sRCeq + 1 + s
2LCeq
sCeq
, (5.3)
where Ceq = C||Cext.
Assuming ’C’ in the model to be a 350 F 2.7 V supercapacitor (which we use in the
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experiments). Thus assuming the capacitance C = 350 F, C = 22.3 nF, L = 0.09
µF and R = 0.16 Ω, the bode plot of the impedance for the equivalent model (ZC) is
plotted as shown in Fig. 5.4.
Figure 5.4: Bode plot for impedance of improved RLC capacitor model.
5.1 RLZ Model for Supercapacitors
The RLC and the improved RLC model does not describe the true nature of the
supercapacitors. Thus the C in the improved RLC model is replaced by the total
impedance of the equivalent model of the supercapacitor to describe their true na-
ture. The improved RLC model thus changes as shown in Fig. 5.5.
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Figure 5.5: RLZ model for supercapacitor.
The Zfinal is the total impedance of the equivalent model of the supercapacitor which
is as shown in Fig. 5.6.
Figure 5.6: Equivalent model of a supercapacitor [1].
The total impedance of the above equivalent model is given by the relation
Zfinal =
(
Rd +
1
sCd
)(
Rl +
1
sCl
)
(
R1 +
1
sCeq
)
Rleakage
(
Rd +
1
sCd
)(
Rl +
1
sCl
)
(
R1 +
1
sCeq
)
+RleakageA
, (5.4)
where A is given by
A =
(
Rd +
1
sCd
)(
Rl +
1
sCl
)
+
(
R1 +
1
sCeq
)
[
Rd +Rl +
1
s
(
1
Cd
+
1
Cl
)]
, (5.5)
On including Zfinal in the improved RLC model to get the RLZ model, the total
impedance now is given by the relation
Ztotal =
sZfinalCext + 1 + sRCext + s
2LCext
sCext
(5.6)
The mag. and phase plots for the total impedance Ztotal of the RLZ model (resonant
frequency at 2.5 MHz) using parameters from Table. 4.1 is as shown in Fig. 5.7.
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Figure 5.7: Magnitude and phase plots of impedance of RLZ capacitor model.
5.2 Experimental Setup
For the experimental setup, a 350 F 2.7 V maxwell supercapacitor is used.
Figure 5.8: 350 F 2.7 V maxwell supercapacitor.
62
Due to constraints in the lab equipment, a small 22.3 nF capacitor is added in series
to supercapacitor before the experimental readings are taken. This arrangement is to
make the resonant frequency greater than 100 Hz (If the resonant frequency is less
than 100 Hz, we could not plot them due to constraints in the lab equipment). The
experimental setup is as shown in Fig. 5.9 and Fig.5.11.
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Figure 5.9: Experimental setup
Figure 5.10: Experimental setup
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Figure 5.11: Experimental setup
The comparison for the experimental and the theoretical results of impedance of the
RLZ model is shown in Fig. 5.12 and Fig. 5.13.
Figure 5.12: Magnitude plot of RLZ model-Impedance
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Figure 5.13: Phase plot of RLZ model-Impedance
The theoretical plot for the magnitude and phase of the impedance for the RLZ
model closely follows the experimental results. This clearly shows that the simple
RLC model is not sufficient to describe the frequency characteristics of a supercapac-
itor.To accurately describe the effect of the transient nature of supercapacitors, the
equivalent model of the supercapacitors is considered in the RLC model to obtain the
equivalent RLZ model. The RLZ model accurately describes the transient nature of
the supercapacitors which is clearly evident from the experimental results.
The RLC model predicts capacitive effect of the impedance for a wider frequency
range as compared to the RLZ model. A comparison of the magnitude and the phase
plots for impedance between RLC and RLZ model is shown in Fig. 5.14.
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Figure 5.14: Comparison of magnitude and phase plots for impedance of RLC and
RLZ models.
From the above plot, the following conclusions can be made
• The magnitude plot for the impedance of RLC model predicts the capacitive
effect of impedance for a wider frequency range over the magnitude plot for the
impedance of RLZ model.
• The accurate RLZ model predicts the dominance of the capacitive effect in the
total impedance for a very small portion of the frequency spectrum.
The real and imaginary parts of the total impedance of the RLZ model are shown in
Fig. 5.15 and Fig. 5.16.
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Figure 5.15: Resistive part of impedance for RLZ model.
Figure 5.16: Imaginary part of impedance for RLZ model.
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The plots show the resistive, capacitive and the inductive components of the total
impedance of the RLZ model for a supercapacitor. The supercapacitor component
connected to the load can be replaced by the total impedance of the supercapacitor
(with its resistive, capacitive and inductive components), where the resistive and the
inductive components of the supercapacitor represent its internal resistance and inter-
nal inductance. The supercapacitor as the energy source with its internal resistance
and internal inductance is shown in Fig. 5.17.

 
Figure 5.17: Supercapacitor.
5.3 Voltage Regulation
Supercapacitor in parallel with load:


Figure 5.18: Supercapacitor across a load.
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In the above arrangement, a supercapacitor is directly connected in parallel with
the load for improving the voltage regulation. According to the need of the applica-
tion, the system can have a single cell supercapacitor or a supercapacitor bank where
it acts as a filter capacitor.
Supercapacitor in parallel to load through a DC-DC converter
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Figure 5.19: Supercapacitor.
This is a more preferred arrangement for voltage regulation using supercapacitors. In
the above arrangement, a supercapacitor is connected to the load in parallel through
a DC-DC converter. This DC-DC converter is a closed loop system with a control
loop to regulate its output voltage. A buck-boost converter may take the place of the
DC-DC converter.
For the RLZ model of the supercapacitor, the real and imaginary components of
the total impedance are given by the relation
Ztotal = A4 +R − jB4 − j
1
ωCext
+ jωL (5.7)
where A4+R represents the total resistive part of the impedance, -jB4 represents the
capacitive effect of the supercapacitor, -j(1 ωCext) represents the capacitive effect of
the external capacitor and j ωL represents the inductive effect of the supercapacitor.
where the expressions for A1, A2, A3, A4, B1, B2, B3 and B4 are given by
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A1 = Rd ×Rl −
1
ωCd
× 1
ωCl
(5.8)
B1 =
Rd
ωCl
× Rl
ωCd
(5.9)
A2 = A1R1 −
B1
ωCeq
(5.10)
B2 =
A1
ωCeq
+B1R1 (5.11)
A3 = A2(Rd +Rl) −
B2
ω
(
1
Cd
+
1
Cl
)
(5.12)
B3 =
(
A2
ω
)(
1
Cd
+
1
Cl
)
+B2(Rd +Rl) (5.13)
A4 =
A2Rleak(A2 +RleakA3) +B2Rleak(B2 +RleakB3)
(A2 +RleakA3)2 + (B2 +RleakB3)2
(5.14)
B4 =
B2Rleak(A2 +RleakA3) +B2Rleak(B2 +RleakB3)
(A2 +RleakA3)2 + (B2 +RleakB3)2
(5.15)
The values of the various parameters in the above equations are taken from Table.
2.1.
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6 Saber Resuts
6.1 Open-Loop Supercapacitor (470 F) Powered Buck-Boost
Converter
The designed supercapacitor (470 F) powered buck-boost converter for CCM is simu-
lated on saber. Various parameters including input voltage, output voltage, inductor
current and supercapacitor current are noted. With a 28 V pre-charged capacitor, a
boost converter is designed to buck the voltage to 12 V.
• Supercapacitor powered buck-boost converter for CCM:
Figure 6.1: Open-loop supercapacitor powered buck-boost converter.
For the design, IRF540 is selected for the MOSFET, MBR10100 is selected for
the diode. The supercapacitor/ultracapacitor part in the saber library is se-
lected. The converter is assumed to be powered by a supercapacitor which is
pre-charged to 28 V. The parameters for the supercapacitor part are given as
shown in Table 6.2
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Table 6.1: Parameters of supercapacitor part.
Parameter Value
CellCnt 10
Cap 470
ESR 0.0025
Vnom 2.8
kc 0.4
tau 90
vm 2.8
dv
dt
0.2
ic 28
• Supercapacitor voltage/ Input voltage:
Figure 6.2: Input voltage to buck-boost converter.
The initial voltage of the supercapacitor is 27.9 V which is exponentially de-
creasing with time.
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• Output voltage of the converter:
Figure 6.3: Output voltage of buck-boost converter.
The output voltage of the converter is 11.98 V which is exponentially decreasing
with time.
• Inductor current of the converter:
The supercapacitor powered buck-boost converter is designed for CCM. This
implies that the value of the inductor current is greater than zero. The value
of inductor current of the buck-boost converter for CCM is 1.44 A which is as
shown in Fig. 6.4.
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Figure 6.4: Inductor current of buck-boost converter.
• Supercapacitor current of the converter:
The supercapacitor powered buck-boost converter is designed for CCM. The
value of supercapacitor current of the buck-boost converter for CCM is 0.447
A which is as shown in the above Fig. 6.5. This current is of a smaller value
than the inductor current for the buck-boost converter which stands at 1.44 A.
In realtiy, since supercapacitors are non-faradaic reaction based, the discharge
current and the current peaks are not limited by the constraints of a chemical
faradaic reaction as in the case of a battery (which are faradaic-reaction based).
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Figure 6.5: Supercapacitor current of buck-boost converter.
6.2 Open-Loop Supercapacitor (470 F) Powered Boost Con-
verter
The designed open-loop supercapacitor (470 F) powered boost converter for CCM
is simulated on saber. Various parameters including input voltage, output voltage,
inductor current and supercapacitor current are noted. With a 28 V pre-charged ca-
pacitor, a boost converter is designed to boost the voltage to 60 V. The input voltage
of the converter or the supercapacitor voltage changes (decreases) exponentially with
time. Saber takes an extremely long time in showing the transition of the exponen-
tially decreasing voltage. Thus the simulations are shown for the initial voltage level
of the input voltage and its corresponding parameters.
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• Supercapacitor powered boost converter for CCM:
For the design, IRF540 is selected for the MOSFET, MBR10100 is selected
for the diode. The supercapacitor/ultracapacitor part in the saber library is
selected. The converter is assumed to be powered by a supercapacitor which
is pre-charged to 28 V. The circuit and the parameters for the supercapacitor
part are given as shown in Fig. 6.6 and Table 6.2.
Figure 6.6: Open-loop supercapacitor powered boost converter.
Table 6.2: Parameters of supercapacitor part.
Parameter Value
CellCnt 10
Cap 470
ESR 0.0025
Vnom 2.8
kc 0.4
tau 90
vm 2.8
dv
dt
0.2
ic 28
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• Supercapacitor voltage/ input voltage of the converter:
Figure 6.7: Input voltage to boost converter.
The initial voltage of the supercapacitor is 27.9 V which is exponentially de-
creasing with time.
• Output voltage of the converter:
The converter The output voltage of the converter is 56.9 V which is exponen-
tially decreasing with time. As the output voltage decreases continuously, the
power difference between the input and the output changes. Thus the efficiency
also decreases correspondingly. The output voltage of the open-loop superca-
pacitor powered boost converter changes from a high value to close to zero as
the input voltage changes from 27.9 V to 0 V. The efficiency of the converter
thus changes from a intial high value to zero as the input voltage approaches 0
V.
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Figure 6.8: Output voltage of boost converter
• Supercapacitor current of the converter:
The open-loop supercapacitor powered boost converter is designed for CCM.
The value of supercapacitor current of the boost converter for CCM is 21.2 mA
which is as shown in the Fig. 6.8 below. This current is almost of a similar
value to the inductor current for the boost converter which stands at 21.27 mA.
In reality, since supercapacitors are non-faradaic reaction based, the discharge
current and the current peaks are not limited by the constraints of a chemical
faradaic reaction as in the case of a battery (which are faradaic-reaction based).
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Figure 6.9: Supercapacitor current of boost converter
• Inductor current of the converter:
The open-loop supercapacitor powered boost converter is designed for CCM.
This implies that the value of the inductor current is greater than zero. The
value of inductor current of the boost converter for CCM is 21.27 mA which is
as shown in Fig. 6.10.
The inductor current of the open-loop supercapacitor powered boost converter
very closely follows the current at which the supercapacitor operates. This value
of supercapacitor current of the boost converter stands at 21.6 mA.
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Figure 6.10: Inductor current of boost converter
Transient analysis of circuits involving supercapacitors in saber gives out the re-
sult for only the immediate branch of the equivalent model of the supercapacitor.
Considering the greater time constants of the delayed and the long-term branches of
the equivalent model of the supercapacitor, viewing their results in saber may not be
practically possible. The simulation time may run into hours before the result could
be seen.
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7 Conclusions
7.1 Summary
The main aspects of supercapacitors studied in this thesis are as follows:
1. A detailed literature study on supercapacitors has been performed.
2. The construction and operation of electrical double-layer supercapacitors have
been studied. Their business implications and their importance in various ap-
plications have been discussed. In addition, their advantages and superiority
over the lead-acid and lithium-ion batteries have been elaborated.
3. The equivalent circuit of the supercapacitors was adopted from the literature
and categorized into (a) immediate branch, (b) delayed branch, and (c) long-
term branch. The performance of each of these branches in the frequency as
well as time-domain has been analyzed.
4. The expressions for the total impedance and voltage gain of the supercapacitor
equivalent circuit have been derived.
5. The discharge profile of the supercapacitor with respect to its three main branches
has been analyzed for two different types of capacitors namely, 470 F and 1500
F.
6. Two high-frequency models of a supercapacitor have been developed. The first
model comprises a simple series R-L-C circuit, whereas, an accurate model con-
sists of a series R-L-Z circuit, where Z is the total impedance of the capacitor.
7. The expressions for the equivalent impedance and the voltage gain of the high-
frequency models have been derived. A commercially available supercapacitor
with rating 350 F, 2.7 V manufactured by Maxwell Technologies has been used
as a case study.
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8. Experiments were performed on the Maxwell supercapacitor to validate the
theoretical expressions for the equivalent impedance and the voltage gain.
9. Two main applications of supercapacitors have been considered: a) open-loop
supercapacitor-powered buck-boost dc-dc converter and (b) open-loop supercapacitor-
powered boost dc-dc converter. The topologies for these two applications have
been designed.
10. Static and transient analysis have been performed on these converters both
through MATLAB and SABER simulations.
7.2 Conclusions
The main conclusions that can be drawn from this thesis are follows:
1. It has been shown that, at low frequencies, a supercapacitor can be modeled in
the form of three parallel R-C branches, each with different time constants.
2. It has been verified that the time constant of the immediate branch is shorter
than the time constant of the delayed branch, which is shorter than that of the
long-term branch.
3. As is the case with conventional capacitors, it has been shown that a superca-
pacitor can be modeled by a series R-L-C circuit.
4. Two high-frequency models of the supercapacitor were proposed. These mod-
els were classified as a basic R-L-C equivalent circuit and an accurate R-L-Z
equivalent circuit.
5. The self-resonant frequency of a supercapacitor was determined through the
expressions for the input impedance and voltage gain.
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6. It was shown that the impedance of a supercapacitor is an open-circuit (or
highly resistive) at dc, capacitive up to the self-resonant frequency, and induc-
tive beyond the self-resonant frequency.
7. It was determined that parasitic inductive effects dominate the impedance of
the supercapacitor beyond the self-resonant frequency, thereby limiting its band-
width.
7.3 Contributions
This thesis has made the following contributions:
1. This thesis forms a one-stop literature for a rigorous study on the principle,
working, construction, operation, and applications of supercapacitors.
2. A detailed analysis of the branch-wise responses of the equivalent circuit of the
supercapacitor have been performed. This helps engineers to determine the
charge and discharge profiles of supercapacitors.
3. Two high-frequency models of supercapacitors have been proposed. The two
models are classified as a basic R-L-C model and an accurate R-L-Z model.
These models determine the accurate behavior of supercapacitors over a wide
range of frequencies.
4. The design of buck-boost and boost open-loop pulse-width modulated dc-dc
power converter supplied by supercapacitors have been introduced.
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